I. INTRODUCTION
The electron velocity distributions detected in the solar wind deviate considerably from a Maxwellian ͑Gaussian͒ distribution at the so-called high-energy tail. [1] [2] [3] [4] [5] [6] [7] [8] [9] Such a feature is typically described as thermal ͑that is, Maxwellian͒ core plus superthermal halo ͑or tail͒ populations. Sometimes there is a third component besides the isotropic halo-a highly anisotropic field-aligned energetic component called the Strahl.
There exists a substantial body of literature in which the origin of the core-halo electrons is discussed within the context of the Coulomb collisional dynamics combined with nonlocality. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Coulomb collisions in plasmas can be modeled by Landau or Balescu-Lenard equations, and such an approach is valid when collective fluctuations ͑i.e., instabilities͒ in plasmas are negligible. In this approach, the dependence of the Coulomb collisionality on the distance away from the Sun is taken into account. Near the Sun, the plasma is highly collisional, while in the corona and interplanetary space collisions are extremely rare. Thus, nonlocal evolution of the electron distribution along the diverging magnetic field and decreasing ambient density account for the observed energetic tail population.
While the global Coulomb collisional dynamics may satisfactorily account for the observed solar electron distribution in an overall sense, under certain circumstances, electrons may undergo local acceleration by self-consistently generated turbulence. This may happen if there exists a source of instability such as field-aligned electron beams. Even for quasisteady state solar wind, there will always be some temporal variations associated with the solar wind output. As the solar wind expands into the surrounding interplanetary medium, the faster electrons outpacing the slow ones will inevitably lead to the formation of the field-aligned beams. Of course, the beam formation will be much more pronounced for transient events such as the flares, but even the quiet solar wind will nevertheless have a certain degree of transient behavior such that the assumption of the existence of the field-aligned beam is not unreasonable.
The Langmuir wave excited by electron beam-plasma instability is a textbook problem. However, it is not so widely known that the Langmuir turbulence leads to the acceleration of electrons to high-velocity regime in the nonlinear phase, thus forming the non-Gaussian tail component. Such a wave-particle resonant acceleration concept [20] [21] [22] is intimately related to the second-order ͑or statistical͒ Fermi acceleration theory. In most of the wave-acceleration theory, the wave spectra are simply assumed to be given and the electron quasilinear diffusion equation is solved-that is, such a method is non-self-consistent. [23] [24] [25] [26] [27] [28] More complete self-consistent treatments of the problem within the context of Langmuir turbulence include heuristic theory based upon Zakharov-type strong turbulence concept [29] [30] [31] and selfconsistent weak turbulence method. [32] [33] [34] Typical core-halo electron distributions measured in the solar wind are often modeled by the kappa distributions. 10, 11, 35 Often, however, they feature highly asymmetric tails such that a single kappa fit is not possible. In a recent paper 36 we have proposed a potential explanation for the asymmetry by assuming two tenuous electron beams counterstreaming with respect to each other. Numerical solutions of self-consistent weak turbulence equations showed that a wide variety of asymmetric superthermal tails can be formed as a result of turbulence acceleration. The key difference between Ref. 36 and similar earlier works [32] [33] [34] is that this work assumed two counterstreaming electron beams while Refs. 32-34 assumed a single beam.
At 1 a.u., the interplanetary magnetic field structure may be rather complicated, but when both foot points of the field line loops are located on the Sun, then the field-aligned motion of the electrons may be characterized as counterstreaming. Sunward-propagating beams may also be observed inside closed magnetic field structures, which can be generated by flare-induced interplanetary shock waves. 5 In such situations, the assumption of counterstreaming population is justifiable, and with the counterstreaming electron beams, Ref. 36 showed that asymmetric energetic tail population could be generated in a coupled set of wave kinetic and particle kinetic equations. The purpose of the present article is to further verify the counterstreaming beam-induced asymmetric superthermal tail generation process by means of onedimensional ͑1D͒ electrostatic ͑ES͒ fully nonlinear particlein-cell ͑PIC͒ simulation technique.
II. PIC SIMULATION
In the present work, we employ 1D ES PIC simulation code with a periodic boundary condition. The number of grids employed in the run is 8.4ϫ 10 6 , and 80 electrons and ions were initially allocated per each cell. Consequently the total number of plasma particles reaches 6.7ϫ 10 8 . In order to simulate the formation of superthermal tail distribution, one needs a sufficiently large number of particles since the number density associated with the superthermal population is many orders of magnitude lower than the bulk population. The grid size in our simulation is normalized such that ⌬x = 1 always, which is proportional to the Debye length. The time scale is normalized by 1 / ͑8 pe ͒ such that the simulated electron plasma frequency pe is fixed at 0.125. The simulation is normally run up to 32 768 time steps with ⌬t =2.
Many excellent PIC simulations of weak beam-plasma interaction problems have been performed in the past. [37] [38] [39] [40] [41] However, previous PIC simulations did not succeed in clearly demonstrating the generation of superthermal tail population by turbulence until recently. 42 It is also important to note that Vlasov simulation cannot produce superthermal population because of the lack of a proper dissipation mechanism. 42 We consider two cases. First is a single component, forward-propagating electron beam with 1% density when compared to the background electron density ͑in this case, we designate the ratio of forward beam to background density as n f = 0.01͒. In the second situation, we simulate counterstreaming electron beams, each with 1% density ratio with respect to the background ͑n b = 0.01= n f ͒. The absolute value of the beam drift speed is always four times the background thermal speed. Thus, in the case of a single beam, the normalized drift speed is U f = 4, and for counterstreaming case, the magnitudes of two drift velocities are U f = 4 and U b = −4, respectively. Important input physical parameters are the ratios of the forward and backward-propagating electron beam densities to the background number density, n f and n b , and the ratios of forward and backward beam drift speeds to the thermal speed, U f and U b . The choice of physical parameters is according to the papers by Gaelzer et al. 36 and by Nieves-Chinchilla and Viñas. 43 Since the numerical heating rate decreases with the increase in the Debye length as ͑⌬x / D ͒ 3 , we have chosen the Debye length to be 5 ϳ 10⌬x in order to reduce the numerical heating induced by finite grids. The ion temperature is chosen to be 1/3 of the electron temperature. Normalization of each physical quantity is taken such that the velocity is normalized with respect to the ͑Maxwellian͒ thermal speed, v → v / v e ͑where v e = ͱ 2T / m, T being the background electron temperature and m being the electron mass͒, the wave number is normalized according to k → kv e / p ͑where p = ͱ 4ne 2 / m is the plasma frequency͒, and time is normalized with respect to the inverse plasma frequency, t → p t. Both the particle and wave energies are normalized with respect to the electron thermal energy. The ion-to-electron mass ratio is chosen as a realistic one, m i / m e = 1836. 
.
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Here, v e,f are Maxwellian thermal speeds associated with the background electrons and forward beam electrons. For kappa distributions it is well known that the effective temperature T e,f kappa is not the same as the Maxwellian counterpart. As a matter of fact, the effective temperature for kappa model is enhanced over Maxwellian temperature T e,f max = mv e,f 2 / 2 by It is noteworthy that forwardpropagating waves ͑i.e., positive k space͒ are particularly enhanced. This is the primary Langmuir wave excited by linear wave-particle resonance and the positive slope associated with the beam. However, it should be noted that the primary Langmuir waves are not directly responsible for the generation of the superthermal tail, but rather it is the longwavelength ͑small k͒ Langmuir condensate modes that are in resonance with the electrons in the non-Gaussian tail region.
In contrast to Fig. 1 which shows electron distribution with asymmetric non-Gaussian superthermal tails on either side of the positive and negative v space, Fig. 3 shows a symmetric pair of non-Gaussian tails. In order to generate this result, we have initiated the simulation with a pair of counterstreaming electron beams characterized by U f =4, n f = 0.01, U b = −4, and n b = 0. 36 Finally, in Fig. 4 we show the frequency-wave number spectra ͑the numerical dispersion relation͒ corresponding to the asymmetric tail distribution shown in Fig. 3 . The time intervals are the same as described in Fig. 2 . As expected, enhanced Langmuir waves generated by both the forwardand backward-propagating electron beams feature an inversion symmetry k ↔ −k. As with the asymmetric case, however, it is not the broad range of linearly unstable Langmuir wave excitation that leads to the generation of the energetic tails ͑these only lead to the plateau formation͒, but it is the long-wavelength ͑small k͒ spectra sandwiched between the two wings that are in resonance with the energetic particles in the tail. The generation of the long-wavelength, small k Langmuir waves is the direct consequence of nonlinear wave-wave and nonlinear wave-particle interactions.
The simulation results discussed thus far are in overall agreement with our earlier paper. 36 However, we also found some discrepancies. In Ref. 36 , it was reported that under certain circumstances the asymmetry on the energetic tail can be greatly enhanced. In general, if the magnitude and the densities of the counterstreaming beams were equal as in our 
062902-3
Simulation of asymmetric solar wind electron distributions Phys. Plasmas 16, 062902 ͑2009͒
Figs. 3 and 4, then indeed, the electron distribution featured symmetry, as we also find in this paper. In Ref. 36 we found that when there is only a single beam, then there is an inherent asymmetry associated with the energetic tail ͑which is consistent with Figs. 1 and 2͒. However, Ref. 36 also reported an intriguing case in which, when the counterstreaming beams do not possess exactly matching magnitudes of the drift speed, then one side of the tail distribution can become greatly enhanced while the tail formation on the opposite side is suppressed. Thus far, however, according to our simulation study, we were not able to confirm such a finding. According to our simulation, we have only been able to confirm a linear relationship between the degree of anisotropy and the magnitude of the backward-streaming beam drift velocity or the density. However, we could still demonstrate in PIC simulation that it is possible to generate a varying degree of asymmetric electron distribution function by positing the presence of a secondary backward-drifting electron component. We believe that this result may be relevant to the observed solar wind electron distributions, under certain circumstances.
III. CONCLUSIONS AND DISCUSSION
The electron distributions detected in the solar wind feature varying degrees of anisotropic high-energy tail. In a recent work, 36 1D ES weak turbulence equations are numerically solved by assuming that the solar wind electrons are initially composed of thermal core plus field-aligned counterstreaming beams. The justification for such counterstreaming beams is that even for quasisteady state solar wind, there will always be some temporal variations associated with the solar wind output such that the formation of the field-aligned beams may be possible. If both foot points of the interplanetary magnetic field line loops at 1 a.u. are anchored on the Sun, then a counterstreaming beam may also be present along the field line. Under such an assumption, we demonstrated that a wide variety of asymmetric energetic tail distribution may result depending on the relative magnitude of the counterstreaming beam drift speeds and the relative densities.
In the present paper, the major findings in Ref. 36 obtained by solving weak turbulence equation are examined by employing a full PIC simulation technique. It is found that the results obtained from solving theoretical equations are largely confirmed in that, for counterstreaming beams with equal magnitude and density, the resulting electron distribution features highly symmetric energetic tail, while for a single beam, the final distribution features an asymmetric tail. However, we also found some discrepancies. In particular, whereas Ref. 36 reported highly one-sided tail distribution when the forward and backward beam speeds happen to be at a certain critical value, we found no such behavior in the simulation. However, the essential paradigm of electron acceleration to high-energy tail population by selfconsistently excited Langmuir turbulence is still intact. In short, the findings in the previous paper 36 and the present paper may be relevant to the interpretation of the asymmetric electron population data obtained in the solar wind environment near 1 a.u. Before we close, we note that the observed solar wind electron distributions may represent an alternative statistical mechanical equilibrium known as nonextensive thermodynamical equilibrium state. 44 The nonextensive thermostatistics is appropriate for statistical systems interacting through long-range forces. Tsallis' general work was further elaborated by Treumann. 45, 46 One of the consequences of this new idea is that the ͑single or multiple͒ kappa distribution is a natural equilibrium state of the nonextensive statistics, just as the Maxwellian or Gaussian distribution is the equilibrium solution of the customary Boltzmann ͑or extensive͒ statistics. [47] [48] [49] [50] In spite of this, the problem of dynamical accessibility of the kappa distribution from an arbitrary initial state has not been adequately addressed so far. The present paper may be important in this regard, namely, we have shown that an initial distribution of a core Gaussian distribution of plasma and a pair of counterstreaming electron beams leads to the excitation of Langmuir turbulence, but in an asymptotic state, the system reaches a quasisteady state that is best modeled by a pair of kappa distributions. ͑Color online͒ Frequency-wave number dispersion relation spectra at three different time interval during which symmetric electron distribution function shown in Fig. 3 was generated. 
